Abstract: Vehicle transmission system transfers torque and speed from the power source to drive wheels. Continuously variable transmission (CVT) system offers smooth ratio transition where it improves acceleration performance and reduces fuel consumption. Currently, most of the CVT system is actuated by the internal hydraulic circuit where compressibility of oil introduces non-linearity to the system causing difficulty in controlling CVT response. Therefore, a new free-hydraulic CVT system is developed to overcome the shortcomings in existing CVT. The proposed CVT system is designed based on belt-driven type which consists of two sets of variable pulley. Each set of variable pulleys is actuated by an electric motor using slider crank mechanism. The mathematical modelling of CVT mechanism is developed by using Lagrange formulation. The results from this study show that the simulation model of CVT mechanism can produce good performance behaviour in following desired radius position of the real CVT mechanism.
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Introduction
Recent developments in the automotive industries are initiated by strong demand to reduce the fuel consumption. Besides, there are few trends towards the top speeds in the sector of vehicles, where a faster driving speed on roads is required. In vehicle application, transmission system provides significant speed and torque conversions from the power source (internal combustion engine) to the wheels (Nunney, 2007) . The transmission system is used to reduce the rotational speed of the engine and varies the transmission gear ratio based on the requirement of driver in order to match the torque needed at the wheels. The transmission systems can be divided into two categories which is step-gear, where the transmission has a discrete number of individual ratios, meanwhile the other system is known as continuously variable transmission (CVT). One of the reasons of using the step-gear transmissions traditionally it has higher transmission efficiencies. Due to the discrete value of ratio and synchromesh mechanism, the transmission has several drawbacks thus affecting the performance of vehicle acceleration.
The CVT system has an infinite range of ratios between two limits. Despite the inherent benefits of CVTs, step-gear transmissions are traditionally used more widely in most of the industries. Besides, in applications where the power source is flexible enough to provide a wide variation of operational torque and rotational speed, a CVT would not provide a significant benefit (Morales and Benitez, 2014) . The CVT system enhances the fuel economy and acceleration performance of a vehicle by better matching the engine operating conditions to the variable driving scenarios (Sun and Hebbale, 2005) . The CVT system are being actively pursued as an alternative to conventional transmissions due to the advantages of better fuel efficiency and continuous smooth acceleration.
The transmission uses various gear combinations, or ratios, to multiply engine speed and torque to accommodate driving conditions. Basically, low gear ratios allow the vehicle to accelerate quickly meanwhile high gear ratios permit lower engine speed, providing good gas mileage. A manual transmission lets the driver change gear ratios to better accommodate driving conditions. An automatic transmission, on the other hand, does not have to be shifted by the driver. It uses an internal hydraulic system and, in most cases, electronic controls to shift gears. The input shaft of an automatic transmission is connected to the engine crankshaft through a torque converter (fluid coupling) instead of a clutch. Due to the shifting effect, the vehicle accelerates harshly and thus reducing the acceleration performance and increase the fuel consumption. To overcome this problem, CVT system has been developed. CVT system offers a variable speed ratio continuously which then produces a smooth vehicle acceleration and transition of ratios.
Recent development on the CVT system focused on CVT mechanism such as toroidal mechanism, where a set of ball surrounding two concave pulley that have different radius contact position (Shinojima et al., 2004) . This mechanism use metal-to-metal friction and several report shows its implementation on light application (Carter et al., 2007; Akehurst et al., 2001) . With belt and chain drive type, this CVT mechanism use variable pulley which can vary the contact radius of belt and chain (Rockwood et al., 2014; Tenberge, 2004) . By using V-shape to increase the contact surface, the elasticity of rubber belt limited to the low output torque application although steel belt had been implemented by automotive industry on passenger vehicle (Zhou et al., 2008; Tsukuda et al., 2006; Chen and Sung, 2000) . There are also developments of CVT mechanism based on planetary gearset which also known as infinitely variable transmission (IVT). This mechanism consists of a series of planetary gearsets arrangement producing a continuous ratio transition with an additional of an electric motor for actuation system. This mechanism produces a small range of ratio and backlash effect from gears affecting the overall output (Jae, 2009; Carbone et al., 2001) .
There are also reports on the modelling of CVT mechanism such as toroidal (Delkhosh et al., 2011) belt driven type (Srivastava and Haque, 2008) , chain driven type (Srivastava and Haque, 2009 ) and planetary gearset (Setlur et al., 2003) where all those modelling focusing on the transition behaviour of the mechanism with slipping effect. In automotive industry, hydraulic actuation system is normally implemented on automatic transmission or CVT system. It was reported that the controller focusing on controlling the variable ratio by using hydraulic actuation (Wang et al., 2011; Cholis et al., 2015; Jinchun and Changzhou, 2008; Han et al., 2006) . Due to the drawbacks of hydraulic system such as leakage and vaporisation of hydraulic fluid, it is difficult to accurately control the system (Abd Rahman, 2013; Aparow et al., 2014; Ahmad et al., 2015) . A new class of free hydraulic CVT system is proposed which replacing the internal hydraulic circuit with an electronic actuation system.
The issues related to hydraulic system can be solved with an electro-mechanical CVT where it only consumes electrical power during ratio transition. There are several reports on the development of an electro-mechanical CVT using power screw mechanism where it shifts movable pulley to move axially during ratio changing and hold the current position while maintaining the current ratio without consuming electrical power (Mazali et al., 2017; Klaassen et al., 2008; Ye et al., 2016) . Despite solving the hydraulic system related problems, the application of movable pulley sheave in belt or chain driven type CVT introduces a belt or chain misalignment. Due to this misalignment phenomenon, it may deteriorate the belt and pulley sheaves and thus, reducing the efficiency, performance and durability of the CVT system (Zhang et al., 2017; Wu et al., 2010; Zhang et al., 2009) . Several control strategies have been proposed previously to overcome this issue by minimising the misalignment effects by using electro-hydraulic control system (Gauthier and Micheau, 2012; Faye and Zhihong, 2009) . In this study, a new electro-mechanical CVT has been developed where it consists of two variable pulleys on a fixed centre distance connected by an endless v-shaped belt, by means of contact surface. These variable pulleys contain an assembly of radial sectional pulley with variable radius actuator via slider-crank mechanism, driven by power-screw electric motor. The new CVT proposed in this study minimises the possibilities of belt misalignment where during ratio transition, both grooves of sectional pulleys are aligned and kept in-plane with belt that is continuously running planar.
The proposed CVT is a belt-driven type system. This system is configured by actuating the fork arm using DC motor. The DC motor is controlled in both clockwise and anticlockwise direction in such a way that it will actuate the fork arm which is connected to the bearing pusher. For clockwise direction of the DC motor, the fork will push the bearing pusher in linear direction. As a result, the slider arm which is mounted surrounding the bearing pusher will move the sectional pulley radially. Hence, it will increase the radius of the sectional pulley. The changes of the sectional pulley will adjust the ratio between input and output shaft. During the anticlockwise direction, the radius of the sectional pulley will decrease gradually according to the DC motor input. While adjusting the radius ratios between the driver and driven pulleys, their respective fork arms are moving forward and backward. During these motions, the planar alignment for sectional pulleys of both the driver and driven is always maintained and axially aligned by the belt running planar. This paper is organised as follows: The first section contains an introduction and brief review of related previous works, followed by the proposed CVT mechanism design in the second section. The third section introduces the mathematical modelling of the proposed CVT mechanism. The forth section presents the CVT test rig and experimental setup. The fifth section discusses the results of the simulation and experimental works on CVT mechanism. Finally, the last section contains overall conclusions of the study.
Design of CVT system
CVT system offers an infinite ratio in finite demanded range thus improving the acceleration performance. Figure 1 shows the characteristic of CVT system performance in term of acceleration and driving force. From the graph, it shows that the CVT system increase the performance of the vehicle by maintaining the optimum engine operation and smooth driving force during acceleration.
Figure 1 Performance of CVT system
Source: Kluger and Long (1999) The proposed CVT mechanism is actuated by an electric motor which is driving the power screw to move the fork arm forward and backward. Assisted by fork bracket, fork arm will push the pusher bearing forward and backward axially with the input shaft. A ball bearing is installed between arm carrier and pusher bearing to separate the rotational motion of pulley and fork mechanism. Since arm carrier and pusher bearing move forward and backward, the radial position of sectioned pulleys also change through the slider arm movement in which the one end of slider arm is pivoted at the arm carrier and the other end to sectional pulleys. The sectional pulleys that are arranged on carrier can only slide inward and outward of the carrier radially. The changes of the sectional pulleys position are then changing the radius contact of the belt drive. Figure 2 represents the exploded parts of the proposed CVT mechanism design. In order for varying the radius position of the sectional pulley, the brushless DC motor will rotate the power screw to create a linear motion to the screw nut. Pinned to the end of the pivoted fork arm, the linear motion of screw nut will rotate the fork arm. Assisted by the fork bracket, the rotational motion of fork arm will be translate to the pusher bearing in linear motion on the axis of the input shaft. The pusher bearing coupled with arm carrier allowing the sliding motion of arm carrier while maintaining its rotational motion on input shaft axis. The sliding motion of arm carrier will then transferred to the slider arm in rotational motion. Pinned to the sectional pulley at the other end, the rotational motion of slider arm will translate to radial displacement of sectional pulley on the carrier. Figure 3 shows the working mechanism of the CVT mechanism. In this study, the new CVT mechanism is belt-drive system which consists of two sets of sectional pulley.
Figures 4 and 5 show a mechanical design and a prototype of CVT mechanism develop in this study. This mechanism consists of the carrier fixated to input shaft which is mounted on two positioned roller bearing. A set of sectional pulley depicted the groove of v-belt pulley are array radially on carrier and guided by the linear bearing struts. On the other side of the carrier, the sectional pulleys are pinned to the slider arm. The other end of the slider arms are pinned to the arm carrier. Fixated to the input shaft, the arm carrier can slide on the input shaft axis. By using roller bearing, the pusher bearing is coupled with arm carrier for allowing the separation between linear sliding actuation and rotational motion of the arm carrier. Assisted by fork bracket, the pivoted fork arm is connected to the power screw mechanism which is then coupled to the brushless DC motor.
Transmission system allowing the torque and speed variation by suit the necessary force required by the vehicle to move. In CVT system, transmission ratio is achieved by varying the radius position of belt. Generally, the input pulley is known as the driver pulley. The driver pulley is connected to the flywheel engine via torque converter. Meanwhile, the output pulley is known as the driven pulley. Normally, the driven pulley is connected to the driveline up to the wheels via axle. Transmission ratio in CVT is determined by dividing the radius of the driven pulley with the radius of the driver pulley. Figures 6-8 explain the three working condition of CVT ratio. In Figure 6 , the CVT system is set where the condition of transmission ratio is bigger than 1. At this condition, the radius of the driven pulley is bigger than the radius of the driver pulley where the maximum transmission ratio can be achieve by maximising the radius position of the driven pulley and minimising the radius position of the driver pulley. Throughout this period, the rotational speed of the driven pulley is slower compared to the rotational speed of the driver pulley. During this condition, the vehicle is at the static condition and starting to move or on a gradient road where a large torque output is required by the wheels to move the vehicle. In Figure 7 , the CVT system is at the condition of ratio equal to 1. At this condition, the radius of the driven pulley is similar to the radius of the driver pulley. Normally, this condition is set at the middle radius position of both pulleys due to the fixed length of the belt. Throughout this period, the rotational speeds of both pulleys are same. During this condition, vehicle experiences acceleration or deceleration at the medium speed with medium required torque at the wheels. In Figure 8 , the CVT system is at the condition of ratio less than 1. At this condition, the radius of the driven pulley is smaller than the radius of the driver pulley. Throughout this period the rotational speed of the driven pulley is faster than the rotational speed of the driver pulley. During this condition, the vehicle is on cruising state and at the high speed where a small enough torque is required by the wheels for maintaining or furthering the speed of the vehicle. Figure 9 Proposed CVT mechanism in term of (a) schematic and (b) free body diagrams (see online version for colours)
Mathematical equation of CVT mechanism
The mathematical modelling of the CVT mechanism is presented by using Lagrange formulation (Ha et al., 2006) . Figure 9 shows the schematic diagram of proposed CVT mechanism, where the pivot, the length and the centre of arm 1 are denoted as point o, l 1 and c 1 respectively. Meanwhile, the length and centre of the arm 2 are denoted as 1 2 and c 2 respectively. Then, the length, the centre and the height of slider 3 are denoted as l 3 , c 3 and l 6 respectively. For arm 4, its length and centre are denoted as l 4 and c 4 respectively. Last, the length, the centre and the height of slider 5 are denoted as l 5 , c 5 and l 7 respectively. The angle of θ 1 , θ 2 and θ 3 are denoted as the angular displacement between arm 1, arm 2 and arm 4 respectively with x-axis. By assuming θ small, then sinθ ≈ θ and cosθ ≈ 1, the geometric positions of the centre of arm1, arm 2, slider 3, arm 4 and slider 5 respectively, are as follows: 
Dynamic formulation of CVT mechanism
The kinetic and the potential energies of arm 1, arm 2, slider 3, arm 4 and slider 5 respectively are as follows:
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Then, the total kinetic and potential energies of the CVT mechanism can be obtained as:
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The Lagrange function, L can be written as: 
The differential equation governing the dynamic motion of θ 1 , θ 2 and θ 3 are generated from general form of Lagrange formulation and then written as: 
Kinematic analysis of CVT mechanism
In the kinematic analysis, the displacement of slider 5 in y-axis in the relation of θ 1 , θ 2 and θ 3 is as follows:
1 1 2 2 6 4 3
Taking the first and second derivatives of the displacement slider 5 with respect to time, the speed and acceleration of slider 5are as follows: 
Dynamic modelling of DC motor
The brushless DC motor has an input voltage, V i to produce a mechanical torque, T m which is inversely proportional with its rotational displacement, θ m . By assuming the rotor and the shaft of the brushless DC motor are rigid, the motor mechanical torque, T m is related to the armature current, i and a torque constant, K t :
The back-electromotive force (back-emf), V b is proportional to the motor rotational speed, m dθ dt and
Based on the combination of Newton and Kirchhoff law, the following equation can be written as:
where equation (33) represents the mechanical term of the DC motor while equation (34) denotes the electrical term. Summation of both equations through Laplace transformation, the equation governing the actuator can be written as: Figure 10 shows the structure of the DC motor model where in this study, the output mechanical torque from the power-screw mechanism is being controlled to provide the desired input torque to the fork arm of the CVT mechanism.
Figure 10 Block diagram of DC motor Figure 11 Experimental setup of CVT mechanism prototype (see online version for colours)
CVT test rig and experimental setup
The validation works is presented in this section. It is required to test the capability of the mathematical modelling in following the CVT mechanism prototype behaviour. The experimental setup consists of two categories which are hardware and software setup. Figure 11 shows the experimental setup of CVT mechanism prototype which is available at the UPNM Automotive Laboratory. The hardware setup consists of CVT mechanism prototype mounted on the test rig, a brushless DC motor to actuate the CVT mechanism, DC power supply for energising the DC motor. Linear Variable Displacement Transducer (LVDT) is mounted on the test rig to measure the displacement of sectional pulley. The brushless DC motor is wired to the motor driver circuit for controlling the motion of the DC motor. Then, the motor driver circuit and the LVDT is wired to a data acquisition (DAQ) board NI PCI-6229 interfacing with personal computer for input manipulation and data collection as shown in Figure 12 . Meanwhile, for the software setup, the MATLAB-Simulink software is configured into real-time workshop for embedding the hardware system into software system. The software system is set to run with fixed step size of 0.01 second by using Runge-Kutta solver. For the target selection, the system target file is changed to rtwin.tlc which is stand for RealTime Windows target. The digital and analogue signal block from LVDT and motor driver are assigned by selecting DAQ board with NI PCI-6229 installed. 
Simulation and experimental setups
The dynamic motion of radius y is presented in time domain simulations. The simulation study was executed using model based control design software, MATLAB-Simulink. Time domain analysis is performed by applying step and sinusoidal input. The simulation was performed for a period of 40 seconds using Runge-Kutta solver with a fixed step size of 0.01 second. As shown in Table 1 , the simulation parameters of the arm 1, arm 2, slider 3, arm 4 and slider 5 are obtained from the computer aided design (CAD) software. From equation (25)- (28), the dynamic model of CVT mechanism has been developed in MATLAB-Simulink environment. Figure 13 shows the dynamic model of CVT mechanism with an input torque at the fork arm and radius position output at the sectional pulley. To simulate DC motor actuation, a dynamic model for a DC motor, as shown in equation (35) has been developed in MATLAB-Simulink environment. Table 2 lists all the simulation parameters for the brushless DC motor. 
Results
Through DC motor actuation, the CVT mechanism is validated using three types of desired radius inputs which are square, sine and triangle inputs. The sectional pulleys of CVT mechanism prototype have the ability to displace into minimum radius position of 0.0475 m up to the maximum radius position of 0.0825 m measured from input shaft axis. Meanwhile, the input torque applied to the fork arm is rated within 0.2 Nm. Figures 14-16 show the radius position of the sectional pulley and the input torque apply to the fork arm against time. From the graphs, the dashed line represents the experiment results gathered from CVT mechanism prototype behaviour. Meanwhile, the solid line from the graphs represents the simulation results from the dynamic model of CVT system. Observation on the radius position of sectional pulley graphs indicates that the simulation model can follow closely the CVT mechanism prototype behaviour regardless of its type of motion. Investigation on the input torque graph shows that the simulation model have similar trend with the CVT mechanism prototype. Although, there is a slight deviation occur which can be referred to the line (a)-(f) on the graphs. This event happens during the sectional pulley at the maximum position and then trying to shift its position to minimum position. At this point, the experiment response shows a high value of input torque due to inertia of the system. It is notable that the system requires a high input torque to counter motion the sectional pulley. Inspection on the CVT mechanism prototype indicates that there are backlash and friction between joints and sliding parts. 
Conclusions
A new CVT mechanism has been developed in this study, where the slider-crank mechanism actuated by electric motor had been implemented. The mathematical model of the CVT mechanism had been derived using Lagrangian formulation for studying the dynamic motion of CVT mechanism with the input torque at the fork arm and the radius position of sectional pulley as an output response.
The model was simulated in MATLAB-Simulink environment and experimental work had been done to validate the model. From the results, it can be concluded that the simulation model of CVT mechanism can managed to follow the behaviour of the real CVT mechanism. Although, there are slight deviations on the response of the input torque occurred due to the mechanical losses of the mechanism and it is still acceptable. For the future work, the CVT model will be implemented to the radius tracking control of the sectional pulley, then being adapted to the shift logic control in automotive transmission control system. 
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